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Abstract Transcription of mammalian heat shock genes can be regulated by heat shock factors (HSF) 1 and 2.
Although it has been shown previously that these factors respond to distinct stimuli, a broad analysis of the induction
and function of these factors in living cells has not been performed. In our study, we assayed binding of human HSF1
and HSF2 at the promoters of 32 genes identified through LocusLink as heat shock genes in response to elevated
temperature and hemin-induced differentiation in human K562 erythroleukemic cells using the chromatin immunopre-
cipitation technique. We also measured the induced expression of these genes under these 2 conditions. We found
that 17 of the 32 genes were transcriptionally induced during heat shock, and HSF1 binding was detected at 15 of the
17 promoters. Nearly all the genes induced by heat shock were also induced to a lesser degree during hemin treatment.
However, some genes were induced significantly more during hemin treatment than during heat shock. A new finding
is that HSF1 and HSF2 bind to the same targets, but HSF1 binding is activated more by heat than by hemin treatment,
and HSF2 binding is only activated by hemin treatment and not by heat. This technology also identified previously
unknown HSF1 binding sites near genes that were previously shown to be heat inducible that may contribute to gene-
specific regulation.

INTRODUCTION also induces K562 cells to differentiate further down the
erythroid lineage (Singh and Yu 1984; Mathew et al 1998).
Two mammalian HSFs, HSF1 and HSF2, interact with

specific sites in heat shock-induced genes during the

The mammalian heat shock response is a highly con-
served process that is regulated by the heat shock tran-
scription factor (HSF) family. These factors control the

transcription of various heat shock genes that protect cel-
lular proteins against environmental stresses such as el-
evated temperatures, amino acid analogs, and oxygen
free radicals (Morimoto 1998). The heat shock response
is also elicited in nonstress conditions, such as in early
mouse development and during spermatogenesis (Sarge
et al 1994; Rallu et al 1997). The heat shock response has
also been elicited by treating K562 human erythroleuke-
mic cells with hemin, a known proteasome inhibitor that
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stress or differentiation conditions and effect large in-
creases in transcription of these target genes (Rabindran
et al 1991; Sarge et al 1991, 1993; Morimoto 1998).
Previous studies have shown that mammalian HSF1
binds to the promoters and induces transcription of sev-
eral genes during heat shock (Rabindran et al 1991; Sarge
et al 1991, 1993). Fibroblasts from HSF1-deficient mice are
unable to induce expression of known heat shock genes
under thermal stress (McMillan et al 1998). This evidence
demonstrates that HSF1 is necessary for directly inducing
the transcription of several heat shock genes. In addition,
HSF1 knockout mice exhibit prenatal lethality and other
developmental defects, indicating that HSF1 is required
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for more than just the classical heat shock response (Xiao
et al 1999).

Experiments aimed at characterizing the biological role
of HSF2, specifically its contribution to the transcriptional
regulation of heat shock genes under different conditions,
have been less conclusive. One study provides biochem-
ical evidence that HSF2 is inactive during the environ-
mental stress response but acquires deoxyribonucleic acid
(DNA)-binding activity during hemin-induced differen-
tiation (Sistonen et al 1992). Furthermore, Yoshima et al
(1998) showed by using a GAL4 fusion reporter construct
that HSF1 mediates hsp70 transcription during hemin-
induced differentiation and heat shock. Recently, Mathew
et al (2001) showed that heat shock preferentially induces
the DNA-binding activity of HSF1, whereas azetidine or
the proteasome inhibitor MG312 coactivates both HSF1
and HSF2, and hemin preferentially induces HSF2. Two
independent HSF2 mouse knockout experiments had dif-
ferent results, thus it is still unclear whether there is a
unique requirement for HSF2 during development in
vivo. Kallio et al (2002) reported that replacing exons 4
and 5 of HSF2 with a B-gal/G418 resistance cassette re-
sults in brain abnormalities, defective meiotic chromo-
some synapsis, and female subfertility. However, McMil-
lan et al (2002) have shown by disrupting the first exon
of HSF2 that this gene is not essential for embryonic de-
velopment, fertility, or cognitive and psychomotor func-
tion in mice.

One limitation in previous studies of the HSF family is
that binding activity has typically been assayed in vitro
and only at the promoters of 1 or 2 target genes. To better
understand the biological role of each of these transcrip-
tion factors, we searched LocusLink (http://www.ncbi.
nlm.nih.gov/LocusLink/) for genes similar to or anno-
tated as heat shock genes and then measured the binding
of HSF1 and HSF2 at the promoters of 32 genes in living
K562 cells in response to elevated temperature and he-
min-induced differentiation. In addition, we also mea-
sured the levels of transcript accumulation of these target
genes under these 2 conditions. Of the 32 annotated heat
shock genes, we were interested in which genes were in-
duced by heat or hemin treatment. Furthermore, we
wanted to know which of these genes bound HSF1 and
HSF2 at their promoters and more importantly whether
HSF1 and HSF2 bound to the same genes during heat
shock and hemin treatment or whether they had different
targets. Finally, we experimentally searched for addition-
al HSF1 binding sites near known HSF1-regulated genes
to see whether there was evidence of HSF1 binding out-
side of the promoter region.

MATERIALS AND METHODS
Cell culture

Human erythroleukemic K562 cells were grown in a spin-
ner flask culture in Iscove’s modified Dulbecco media
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supplemented with 10% fetal bovine serum (ATCC, Ma-
nassas, VA, USA). The culture was maintained at a den-
sity between 10° and 10° cells/mL at 37°C.

Complementary DNA preparation

We prepared messenger ribonucleic acid (mRNA) using
the Micro-Fast track 2.0 kit (Invitrogen, Carlsbad, CA,
USA) from duplicate samples (5 X 10° cells/sample) at O,
20, and 60 minutes of 43°C heat shock, followed by 1, 2,
and 4 hours of recovery at 37°C for the heat shock ex-
pression analysis. We used the same protocol for the he-
min-induced expression analysis, except we took samples
at 0, 6, 12, 24, 48, and 72 hours after addition of hemin
to a final concentration of 30 uM in the culture medium.
Then, we reverse transcribed the mRNA preparations by
using a mix of random hexamers, poly-T first-strand syn-
thesis primers, and Superscript reverse transcriptase (In-
vitrogen).

Chromatin immunoprecipitation

Adapted from the Farnham Lab (http://mcardle.
oncology.wisc.edu/farnham/protocols/chips.html). We
cross-linked the K562 cells by adding formaldehyde to a
final concentration of 1% for 10 minutes. For the heat
shock chromatin immunoprecipitation (ChIP), we cross-
linked after 1 hour of heat shock. For the hemin treatment
ChIP, we cross-linked 24 hours after addition of hemin.
Cross-linking was stopped by adding glycine to a final
concentration of 0.125 M. Then, we collected 2 X 107 cells
per IP and washed once with 1X phosphate-buffered sa-
line (PBS). We resuspended the cells in lysis buffer (5 mM
1,4-piperazine-bis-(ethanesulphonic acid), pH 8.0, 85 mM
KCl, 0.5% NP-40, Protease Inhibitor Cocktail [Roche, In-
dianapolis, IN, USA]) and incubated on ice for 10 minutes
and then centrifuged to collect the crude nuclear prepa-
ration. We resuspended the crude nuclear preparation in
RIPA buffer (1X PBS, 1% NP-40, 0.5% sodium deoxycho-
late, 0.1% sodium dodecyl sulfate [SDS], Protease Inhib-
itor Cocktail) and sonicated full power 4 times for 30 sec-
onds each on ice to produce an average DNA fragment
size of 500 base pairs. We centrifuged the chromatin so-
lution at 4°C for 10 minutes at full speed and then incu-
bated with 20 wL of Staph A cells (Calbiochem, San Di-
ego, CA, USA, catalog no. 507862) for 30 minutes to pre-
clear the solution. Then, we immunoprecipitated with 10
uL of polyclonal antibody from Santa Cruz Biotech, Santa
Cruz, CA, USA (aHSF2: sc-8062, aHSF1: sc-9144) and in-
cubated overnight at 4°C. Then, we added 20 uL of Staph
A cells for 30 minutes and centrifuged to collect the im-
munocomplexes. We washed the Staph A cells 2 times
with RIPA buffer and 4 times with a LiCl wash buffer
(100 mM Tris, 500 mM LiCl, 1% NP-40, 1% deoxycholate).
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Then, we resuspended the Staph A cells in 400 uL IP
elution buffer (1% SDS, 0.1 M NaHCO,) and incubated at
67°C for 2 hours. We centrifuged the Staph A cells, saved
the supernatant, and incubated at 67°C for another 4
hours to fully reverse the cross-links. Then, we extracted
with phenol-chloroform and back extracted the organic
phase once. We concentrated the DNA in the aqueous
phase with a Microcon spin filter (Millipore), washed the
DNA twice with Tris-EDTA (TE), and resuspended the
DNA in a final volume of 50 pL TE.

Real-time polymerase chain reaction

We performed real-time polymerase chain reaction (PCR)
to quantitate the amount of template containing a given
amplicon defined by a primer pair (amplicon size range
between 60 and 100 base pairs). Real-time reactions con-
tained 3.5 mM MgCl,, 0.125 mM deoxynucleoside tri-
phosphates, 0.5 uM forward primer, 0.5 uM reverse prim-
er, 0.5X Sybr Green (Molecular Probes, Eugene, OR,
USA), 1 U Stoffel fragment (Applied Biosystems, Foster
City, CA, USA), and template DNA in a final volume of
20 pL. We measured product accumulation for 40 cycles
on the Bio-Rad Icycler and calculated the threshold cycle
for each reaction. The threshold cycle is the cycle at which
the fluorescent signal reaches an arbitrarily set threshold
near the middle of the log-linear phase of amplification.

Expression analysis

We designed amplicons to the complementary DNA
(cDNA) sequence of each gene to indirectly measure the
accumulation of each gene’s transcript in both time course
experiments. We measured the levels of B-actin and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) in
each cDNA preparation to normalize for any variation in
absolute quantities of cDNA in each preparation. Then,
we measured the relative fold-induction of each gene dur-
ing heat shock and hemin induction by calculating the
difference in threshold cycles of each time point and the
zero time point. Fold-difference in the quantity of tem-
plate was calculated as 2 raised to the power of the cycle
number difference.

HSF1 and HSF2 binding analysis

To quantitate the enrichment of each promoter using
ChIP with antibodies to HSF1 and HSF2, we again used
Sybr Green-based real-time PCR. We designed each am-
plicon between —400 and 0 relative to the transcription
start site of each gene. For each amplicon, we constructed
a standard curve of threshold cycles from 50 ng, 5 ng,
500 pg, and 50 pg of mock-IP genomic DNA (DNA pre-
pared with the ChIP protocol but omitting the IP step).

Then, we calculated the threshold cycle from a PCR re-
action that used ChIP-enriched DNA as template. We fit
the experimental threshold cycle from an amplicon to the
standard curve of that amplicon to calculate the quantity
of template containing that amplicon in the ChIP-enriched
sample. We also designed 3 negative-control amplicons to
the promoters of B-actin, GAPDH, and histone H2A. The
ratio of an experimental promoter quantity and the neg-
ative-control promoter quantities is equal to the fold-en-
richment of a given promoter by ChIP.

RESULTS
Heat shock gene expression

To begin our study, we searched LocusLink at NCBI
(http:/ /www.ncbi.nlm.nih.gov/) to identify a large set of
human genes that are either known heat shock proteins
or family members of heat shock proteins based on an-
notation or sequence similarity. We also included 3 genes
(IL8, TXN, and AKR1C2) previously shown to be induced
by hemin in K562 cells (Leppa et al 1997; Lam et al 2000).
We chose to use K562 cells because it is the cell culture
model most widely used to describe HSF2 induction. Al-
though a cultured cell line is an artificial system, previous
studies show convincingly that K562 cells treated with
hemin recapitulate some aspects of differentiation, and
our ChIP protocol is currently feasible only in cultured
cells. The goal of our first experiment was to determine
how the transcript levels of these genes change in the
K562 human erythroleukemic cell line during heat shock
and during treatment with hemin, an agent that induces
these cells to differentiate along the erythroid lineage and
also has been shown to inhibit the proteasome. We de-
signed PCR primers specific to each gene and performed
real-time reverse transcriptase—polymerase chain reaction
to measure the relative induction of these genes in K562
cells during heat shock and hemin treatment. We mea-
sured, in duplicate, the transcript levels at 6 points along
a time course for heat shock and hemin treatment and
normalized our mRNA samples to the levels of B-actin
and GAPDH. The time points were determined from pre-
viously published studies on gene expression under these
conditions (Singh and Yu 1984; Rabindran et al 1991;
Sarge et al 1991, 1993; Mathew et al 1998).

Many of the same genes were induced under both con-
ditions, but some genes were induced to a greater degree
in one condition than the other (Fig 1). Most striking is
the difference in expression of the hsp70-A6 gene under
the 2 conditions. This gene is induced more than 500-fold
during hemin treatment but less than 15-fold by heat
shock. The hsp90-a gene is also induced more by hemin
than by heat shock, whereas hsp70-A1A and Dna].C3 are
induced more by heat shock than by hemin (Fig 2). The
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Fig 1. Heat shock and hemin-induced gene expression patterns. The expression data for 32 genes during heat shock and hemin-induced
differentiation show that many of the same genes are induced during heat shock and hemin treatment. Time points are listed at the top of
the figure. The number of vertical bars in each box indicate the fold-induction of a given gene at that time point according to the key at the

bottom of the figure.

3 genes IL8, TXN, and AKR1C2, shown previously to be
induced by hemin treatment, were also induced by our
hemin treatment. Furthermore, on hemin treatment, the
cells became noticeably more red because of an increase
in globin synthesis, thus indicating that hemin treatment
was effective in inducing these cells to undergo a process
similar to differentiation, as described by many others in
the literature for K562 cells.

HSF1 and HSF2 transcription factor binding

To gain some understanding of how this class of genes is
regulated by the 2 treatments of K562 cells, we studied
the binding of HSF1 and HSF2 to the promoters of the
genes and determined how binding correlated with ex-
pression. To this end, we used the ChIP protocol (see the
Materials and Methods) with antibodies that recognize
either HSF1 or HSF2 to determine their occupancy at the
promoters of the 32 genes in intact K562 cells before and
after treatment with heat shock or hemin.

To assay the enrichment achieved by the ChIP, we used
real-time PCR to quantitate the overrepresentation of the
genomic sequence upstream of each gene in the pool of

Cell Stress & Chaperones (2004) 9 (1), 21-28

ChIP-enriched DNA. We typically saw enrichments great-
er than 100-fold for promoters that were bound by HSF1
and enrichments up to 20-fold for HSF2 (likely because
the HSF2 antibody was less efficient at the HSF2 IP). We
interpret the variation we see in enrichment values be-
tween genes as a result of the distance that the PCR prim-
ers were designed to the actual binding site rather than
as strength of binding at a given promoter. We repeated
our ChIP experiments 3 times, and our results were very
reproducible for the genes that we tested in each experi-
ment (data not shown). Therefore, because the qualitative
distinction between enriched and unenriched was clear
and because we do not make arguments based on the
relative enrichment between promoters, we calculated our
ChIP enrichments for all 32 promoters from 1 experiment.

With only 2 exceptions, the ChIP experiments revealed
that HSF1 occupancy at the promoter corresponds to the
increased expression of these genes during heat shock
(Fig 3A). Interestingly, DnaJ.C3 and Dna].B4 are clearly
transcriptionally induced by heat shock, but we found no
evidence of HSF1 or HSF2 binding near their predicted
transcription start sites because there was no enrichment
of their promoter fragments by ChIP. We designed 8 ad-
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ditional amplicons in the introns of both genes to test for
binding of either factor at sites outside of the promoter,
and we failed to detect any enrichment at any of these
additional sites (data not shown). However, the possibil-
ity remains that binding might occur further upstream
than the 500 base pairs we assayed.

We also studied the binding of these 2 transcription
factors to the promoters of the 32 genes before and during
treatment of K562 cells with hemin. In contrast to the
results with heat shock, the expression of these genes af-
ter hemin treatment did not correspond as strongly with
either HSF1 or HSF2 binding (Fig 3B). Four of the 7 genes
whose transcripts increased the most after treatment with
hemin were not bound to either factor according to the
ChIP assay. This is not including the 3 marker genes, ILS,
TXN, and AKR1C2, that are induced by hemin, but for
which we neither expect nor detect binding.

We believe that it is not appropriate to use the PCR-
derived enrichment values in our assays to compare bind-
ing strengths between different promoters, for reasons

described above. Nevertheless, it is fair to estimate bind-
ing strengths for the same promoter under different con-
ditions (ie, heat shock vs differentiation) because these
measurements are performed with the same PCR ampli-
con. Consistent with previous in vitro studies (Sistonen
et al 1992; Mathew et al 2001), the results from our ChIP
assays show that HSF1 binds to the promoters of its target
genes with a higher affinity during heat shock than dur-
ing hemin treatment (Fig 4A), whereas HSF2 binds with
a higher affinity during hemin treatment than during
heat shock (Fig 4B). Very interestingly, for the 32 genes
we studied, HSF1 and HSF2 bind to the same target
genes, but their DNA binding is activated differently un-
der different conditions.

We further characterized HSF1 activity by assaying its
localization throughout 3 genomic regions containing
hsp27.1, hsp90-8, hsp70-AlA, hsp70-A1B, and hsp70-
A1L during the heat shock response. We chose hsp27.1
and hsp90-B because they both had introns that con-
tained sites similar to the consensus heat shock element

Cell Stress & Chaperones (2004) 9 (1), 21-28
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Fig 3. HSF1 and HSF2 binding during heat shock and differentia-
tion. (A) The bars indicate the degree of HSF1 and HSF2 binding to
each promoter. Binding was quantitated by the ChIP fold-enrichment
of each gene’s promoter, which is shown on the scale on the left of
the y-axis. Solid bars are from the heat shock HSF1 ChIP, and
hatched bars are from the heat shock HSF2 ChIP. Both ChIPs were
done 1 hour after heat shock. The white diamonds indicate the fold-
induced expression at the 2-hour recovery time point after heat
shock. Fold-induced expression values are shown on the right of the
y-axis. (B) Same as panel A, except binding was assayed by ChIP
24 hours after the addition of hemin, and the diamonds indicate the
fold-induced expression at the 72-hour time point of hemin treat-
ment. HSF, heat shock factor; ChIP, chromatin immunoprecipitation.

(HSE). We chose the 20-kb genomic region containing 3
members of the hsp70 family to investigate whether there
were long-range binding sites in this region that poten-
tially contributed to the transcriptional regulation of
these genes. To accomplish this, we used ChIP to enrich
genomic binding sites of HSF1 and designed real-time
PCR amplicons spaced evenly across the genomic se-
quence of the target genes to assay for enrichment of each
amplicon. By using this approach, we identified a novel
binding site for HSF1 located in the first intron of the
hsp27 (HSPB1) gene (Fig 5A). We found that HSF1 binds
at consensus HSE (TTCNNGAANNTTC) in this intron.
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In a similar experiment, we identified binding sites in the
hsp90-B promoter and the first intron (Fig 5B). Interest-
ingly, this experiment indicates that HSF1 binds to the
first HSE in intron 1 but not to another HSE located fur-
ther downstream. In addition, the strongest binding oc-
curred at the nonconsensus HSE in the promoter of the
hsp90-B gene. Finally, we measured HSF1 binding
throughout the 20-kb genomic region that contains the
hsp70-Al1L, AlA, and A1B genes, 3 genes known to be
involved in the heat shock response (Fig 5C). These ex-
periments showed binding of HSF1 to the known sites in
the promoters of each of these genes (Fig 5C). In addition,
we also identified a new HSE that is bound by HSF1 dur-
ing heat shock located 5 kb downstream from the hsp70-
A1A gene and 5 kb upstream from the hsp70-A1B gene.

DISCUSSION

In this work, we studied the expression of and binding
of HSF1 and HSF2 to 32 heat shock genes during thermal
stress and hemin induction. Previous study has shown
that HSF1 and HSF2 are induced differently during heat
shock and hemin treatment, but these were primarily in
vitro results that assayed binding at only 1 or 2 target
genes. Our study extends the picture of HSF1 and HSF2
regulation of the heat shock response by assaying the
binding in a cell culture system and to a much larger
number of potential targets.

For the genes that are induced by both heat shock and
hemin treatment, examination of the kinetics of transcript
accumulation exposes differences in the degree of induc-
tion under one condition compared with the other. Most
genes, exemplified by Dna].C3 and hsp70-A1A (Fig 2),
are induced to a greater extent during heat shock than
during hemin treatment. A few, such as Hsp90-a and
hsp70-A6, show a higher induction during hemin than
during heat shock (Fig 2). This difference is most striking
for hsp70-A6, which is induced more than 500-fold dur-
ing hemin treatment but only 12-fold during heat shock.
These examples suggest that the response of cells to en-
vironmental stress and to differentiation requires unique
biological activities from its collection of chaperone pro-
teins.

Interestingly, although DnaJ.B4 and Dna].C3 are clearly
transcriptionally induced during heat shock, we found no
evidence that HSF1 or HSF2 bind at their predicted pro-
moters. In subsequent experiments, we failed to detect
binding in the first or second intron of both genes (data
not shown). Therefore, although Dna].B4 and Dna].C3 are
heat-inducible genes, our data suggest that they may not
be regulated by HSF1 or HSE2, although the possibility
exists that binding might occur upstream of the 500 base
pairs we assayed.

We observed that certain genes are bound by both fac-
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Fig 4. Reciprocal binding of HSF1 and HSF2 during heat shock
and differentiation. Binding was quantitated in both panels by the
ChIP fold-enrichment of each gene’s promoter. Fold-enrichment is
shown on the y-axis. (A) The white and black bars show HSF1 bind-
ing during heat shock and hemin treatment, respectively. (B) The
white and black bars show HSF2 binding during heat shock and
hemin treatment, respectively. ChlP, chromatin immunoprecipitation.

tors after hemin induction, raising the possibility that
HSF1 and HSF2 work together to confer an appropriate
response in some instances. For example, both hsp70-
AlA and hsp70-A6 are transcriptionally induced after
both heat shock and hemin induction and both show
strong induction of HSF1 binding (but not HSF2 binding)
after heat shock. After hemin induction, however, both
HSF1 and HSF2 are bound to these 2 promoters (Figs 3
and 4). The behavior of these 2 promoters exemplifies 1
of the broad conclusions of this study that induction of
genes that are regulated by HSF1 and HSF2 does not sim-
ply follow the extent of binding by HSF1 and HSF2. The
data set presented here suggests that the contribution of
HSF1 and HSF2 may vary widely in a gene-specific man-
ner, although further experiments are needed to investi-
gate the interactions of HSF1 and HSF2 with different
regulatory inputs.

It has been proposed that HSF1 and HSF2 regulate dif-
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Fig 5. HSF1 binding throughout the genomic regions of 5 heat
shock genes. We assayed HSF1 binding at regularly spaced inter-
vals throughout 3 genomic regions that contain 5 heat shock genes.
Amplicons were designed to assay binding in the genomic regions
of hsp27.1 (panel A), hsp90-B (panel B), and the region including
hsp70-A1A, A1B, and AlL (panel C). White diamonds indicate HSE,
and the sequence is shown for each. The enrichment of each am-
plicon is shown on the y-axis. HSF, heat shock factor; HSE, heat
shock element.

ferent targets in addition to having separate roles in heat
shock and differentiation (Mathew et al 1998; Morimoto
1998). As shown in Figure 4, these factors regulate the
same set of genes in our study, but they may evoke dif-
ferent transcriptional responses by binding differentially
under these 2 conditions. Our results are consistent with
the hypothesis that HSF1 and HSF2 have distinct biolog-
ical roles and may regulate the transcription of their tar-
get genes differently.

Assaying the binding of HSF1 along the entire stretch
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of 3 genomic regions containing 5 previously identified
heat shock genes revealed additional HSF1-bound HSE
outside of the promoter region in all 3 cases. In the hsp90-
B gene, there is also an unbound HSE in the first intron.
The bound HSE in the genomic region between the
hsp70-A1A and hsp70-A1B genes is 5 kb from the start
site of transcription of both genes. This is the first HSF1-
bound HSE that has been located at a considerable dis-
tance from a transcription start site. These examples show
that the regulation of transcription by HSF1 may involve
binding at intronic sites and other long-range sites in ad-
dition to binding at the promoter of heat-inducible genes.

By assaying the binding of HSF1 and HSF2 at 32 stress-
related genes in living cells, we have discovered new tar-
gets of these factors and have taken a first step toward
understanding the global regulation of the human heat
shock response by the heat shock transcription factor
family.
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